Introduction
The vagus nerve contains important afferent fibers as well as efferent ones, playing a role not only in the autonomic reflex but also in the viscerosomatic reflex such as vomiting and respiration.
The description of intramedullary courses of the vagus nerve by Ramon y Cajal4) showed vagal afferent fibers entering the solitary tract and descending into the vagal commissure and also their significant contribution to the spinal tract of the trigeminal nerve. By the use of degeneration method or silver impregnation techniques, DuBois5), Ranson, Foley and Alpert1°), Ingram and Dawkins') and Torvik17) also traced the afferent fibers of the vagus nerve. But their results were not always in agreement, because of the difference in the staining method or excessive lesion of the tissue in the operative procedures. In order to observe the origin of the vagal efferent fibers, the retrograde degeneration of the nerve cell has been the most available technique in the study. Bunzel and Ferden3) described that the dorsal nucleus of the vagus nerve was the origin of visceromotor efferent fibers and the ambiguus nucleus was the origin of somato-motor efferents. However, by same staining method, Kosaka and Yagita10) reported that the cardio-inhibitory nerve originated in the ambiguus nucleus.
By the use of evoked potential techniques, Anderson and Berry') studied on the intramedullary course of the vagus nerve, agreeing generally with the concept obtained by morphological work. The present experiments have been made to study the potential pattern and topographical arrangement of vagal neurons in the medulla by the unit response analysis, employing microelectrodes.
Method
The present experiments were carried out on 62 cats. The trachea was cannulated and both common carotid arteries were ligated under ether anesthesia.
-147-To avoid influence of anesthesia,, intercollicular decerebration was performed, by removing the supratentorial brain tissues. After infraoccipital craniotomy, the cerebellum was removed to expose the dorsal surface of the medulla, and the animal was allowed to recuperate from these procedures.
The electrodes used for stimulation consisted of a pair of hooks of silver wire, and they were attached to the vagus nerve at levels of the larynx, or just superior to the bifurcation point of the recurrent nerve. Stimulation was also applied on the intrathoracal vagus. Square wave pulses of 0.2 msec in duration delivered through an isolation unit were employed for electrical stimulation. In order to activate the vagal afferents with adequate stimuli, traction or inflation of the lung and the trachea were attempted.
The microelectrodes to record the neural activity in the medulla were silver needles insulated with glass coating as described by Yamamoto et al.19) . The bare tip of the electrode was 5 to 10 µ in diameter. This electrode was inserted free-hand into the medulla. In order to minimize troubles induced by respiratory movement or arterial pulsation, the electrode was suspended by a flexible copper wire which was connected to a CR-coupled amplifier. The indifferent electrode was placed on the surface of the medulla or on adjacent bones. Whenever response to the electrical stimulation of the vagus nerve or to the adequate stimulation of viscera was encountered, it was studied on the oscilloscope. After satisfactory recording had been performed, a minute lesion about 0.2 mm in diameter was made electrolytically at the site of recording in the medulla.
After the animal was sacrificed, the medulla was fixed in Muller's solution, and every site of recording was checked microscopically in serial sections stained by the Weigert-Pal's method. Table 1 .
Results
One hundred and twenty-three recordings for stimulation of the vagus nerve at the level of the larynx, forty-five recordings for stimulation of the vagus nerve just superior to the ramification of the recurrent nerve and twenty-five recordings for stimulation of the vagus nerve at the thoracic level were carried out in this series of experiments (Table 1) . Stimulation of the vagus nerve in the cervical region yielded marked responses in four portions in the medulla. The first was in the vicinity of the solitary tract, the second in the nucleus of spinal tract of the trigeminal nerve, the third in the triangular nucleus of vestibular nerve and the last in the caudal part of ambiguus nucleus (Fig. 1, 2) . In general, the response to elecin the first three portions appeared to be induced by activation of the vagal afferents and that in the last portion seemed to be due to antidromic conduction of the vagal efferents.
When the vagus nerve was stimulated in the thoracic cavity, the responses were obtained only in the vicinity of the solitary tract and in the triangular nucleus of the vestibular nerve (Fig. 3) . Stimulation of the nerve was carried out at two different sites, one at the level of the larynx and the other just superior to the ramification of the recurrent nerve. In the pattern of neuronal discharge and the distribution of its recording in the medulla, we could not find any difference between the two different levels of stimulation, as seen in Figs. 1 and 2, and in Table 1 . A. Responses in the vicinity of the tractus solitarius When the vagus nerve was stimulated at the cervical level, i.e., superior to the bifurcation of the recurrent nerve, responses were most frequently encountered in the vicinity-of the solitary tract. The region could be subgrouped into following four areas, i.e., the solitary tract, the lateral nucleus of the solitary tract, the medical nucleus of the solitary tract and the dorsolateral nucleus of the vagus nerve. The maximal value of the response encountered in these regions was about 250 µV in magnitude.
The form of the response, when observed in the solitary tract, consisted of an initially positive spike. According to Yamamoto et al.r9) , this type of the potential was considered to be a discharge of the nerve fiber of the primary vagal neuron.
The potential shapes obtained in the nuclei varied case by case. Some were similar to those obtained in the solitary tract, but others showed more complicated pattern of responses.
Though it was not always possible for us to trace the origin of the responses in the nuclei, it is probable that some were due to activities of the presynaptic fiber and others due to postsynaptic firing. The form of the evoked potential in these areas was not changed by double stimulation of the vagus nerve with an interval as short as 3 msec. This is shown in Fig. 4 . This made a marked contrast to the response obtained from the ambiguus nucleus.
a) The tractus solitarius:
As described previously, the responses in the solitary tract were not complicated, showing monophasic positive spike. And the responses in the solitary tract were less frequently encountered than those from its surroundings, as seen in Table 1. b) The nucleus tractus solitarii lateralis: Responses to stimulation of the vagus nerve were most frequently encountered in the area of the lateral nucleus of the solitary tract (Fig. 4) . The distribution of sites of responses ranged from the level of the tip of the ala cinerea to the obex . In the region from two-thirds cranial of the ala cinerea to the obex, and in the ventral area of this nucleus, spontaneous cyclic discharges were observed synchronously with respiratory movement, and they also showed relatively slow adapting impulse responding to an inflation of the lung (Fig. 5 ). This slow adapting impulse was frequently observed in the same unit which responded to vagal stimulation.
These neurons appeared to be afferents from the lung, the size of fibers being 6 to 10 µ in diameter estimated from the conduction velocity.
c) The nucleus tractus solitarii medialis: This nucleus is the biggest of the solitary nuclei, locating medially to the tract . However, the responses in the medial nucleus encountered less frequently than in the lateral nucleus . The distribution of recording sites ranged from the level of two-thirds rostral of the ala cinerea to a little caudal to the obex.
The vagal commissure was the only region where responses subsequent to stimulation of the contralateral vagus nerve could be obtained . Of the responses obtained in this area, seven were ipsilateral and three contralateral . Some units in this area showed an activity pattern which consisted of a positive spike preceded by a smaller elevation as shown in Fig . 6 . Considering the interval of about two milliseconds between two elevations, it was assumed that the preceding elevation -152- The responses encountered in this area were only five, being distributed at levels where the hypoglossal nucleus appeared in the medulla.
The amplitude of the evoked potentials was usually smaller and the conduction velocity was also less than those recorded in the vicinity of the nucleus of the solitary tract (Fig. 7) . C. Responses in the triangular nucleus of the vestibular nuclei Ten recordings were obtained in the vestibular nucleus, being distributed in the caudal portion of the vestibular triangular nucleus.
Configurations of the responses varied case by case, more complicated than those recorded in the nucleus of the solitary tract (Fig. 8) . 
D. Responses in the nucleus ambiguus
The responses to the vagal stimulation were encountered, in the reticular formation, the recording sites grouped in the two portions which were the lateral and medial ambiguus nuclei (Figs. 1, 2) When the vagus nerve was stimulated just superior to the ramification of the recurrent nerve, the results were quite similar to those obtained by stimulation at the level of the thyroid cartilage as shown in Fig. 1 and 2 . When the stimulating -157-electrode was attached to the intrathoracic vagus, however, the distribution sites of recording of the evoked potential in the medulla changed markedly. Stimulating the vagus nerve in the thoracic cavity, 25 recordings were obtained in this series of experiments. All of these were encountered in the vicinity of the solitary tract as described previously. No response was obtained in the trigeminal nucleus nor in the ambiguus nucleus. The sites of the recordings encountered were distributed from a little caudal to the intramedullary rootlet of the vagus to the obex as seen in Fig. 3 . However, the potential pattern of the response appeared to be similar to those responding to stimulation of the vagus nerve at the cervical level.
Discussion
Morphological analysis of the medullary representation of the vagus nerve made by Bunzel and Ferden3) and Ramon y Cajal4) indicated that the nuclei of the solitary tract and the vagal dorsolateral nucleus were afferent in nature, while the vagal dorsomedial nucleus was made up of cells originating visceral efferents, and the ambiguus nucleus was made up of cells originating somatic efferents. However, Kosaka and Yagita10) reported that cardio-inhibitory nerve originated in the ambiguus nucleus. Their results were not always in agreement. Recently, Harrison and Bruesh7 , Lam and Tayler11' , Berry and Anderson1 carried out electrophysiological studies on the intramedullary courses of the vagus nerve by means of taking the evoked potentials . However, the pick-up electrode used by them were so thick as 75^J500µ in diameter that evoked potential could not be obtained from single unit. Consequently , it could not be confirmed if the nucleus where the potential was picked up, were afferent or efferent in nature . Present authors used the pick-up electrode of 5---10 Ft in diameter, and so , could obtained the evoked potential from single unit which fulfiled the all or none law . Thus, the authors could differentiate the fibers to be afferent or efferent , and furthermore, could estimate the size of the fibers from the conduction velocity .
In authors' results, evoked potentials subsequent to vagal stimulation at the cervical level were obtained in the vicinity of the solitary tract , i.e. the solitary tract, the lateral nucleus of the solitary tract, the medial nucleus of the solitary tract, the nucleus of Cajal's commissure, the dorsolateral nucleus of the vagus nerve. Cajal's commissure of the vagus nerve was the only portion where responses could be obtained to stimulation of the contralateral vagus nerve. The evoked potentials to vagal stimulation at the cervical level were also obtained in the nucleus of the spinal tract of the trigeminal nerve , in the triangular nucleus of the vestibular nuclei and in the caudal portion of the ambiguus nucleus . However, in the dorsomedial nucleus of the vagus nerve , no response could be seen to stimulation of the vagus nerve at the cervical level . When the vagus nerve was stimulated in the thoracic cavity , the responses were obtained only in the -158-vicinity of the solitary tract and in the triangular nucleus of vestibular nuclei. The fibers terminating in the vicinity of solitary tract, in the spinal tract of the trigeminal" nerve and in the triangular vestibular nucleus were afferent in nature. Consequently, it should be noted that the recording sites of the evoked potential subsequent to vagal stimulation in the nucleus of the spinal tract of the trigeminal nerve were distributed in the region of the medulla where the hypoglossal nucleus appeared, and discharges were obtained only to stimulation of the vagus nerve at the cervical level where the recurrent nerve was contained in the vagus nerve. This suggests a central mechanism for the articulation, indicating the interrelation between the trigeminus, the vagus and hypoglossus nerves. It is also worth noting that the distribution of recording sites of the potential in sensory nuclei of the vagus nerve appeared to contact with that in the vestibular nucleus without making a distinct border. This suggests that the vagal afferents are intermingled with vestibular ones and interrelated intimately with each other. And responses to stimulation of the thoracic vagus indicate that sensory fibers from thoracic and abdominal viscera enter the vicinity of the solitary tract and the triangular nucleus of the vestibular nerve.
The recording sites of evoked potentials obtained in the ventrolateral region of the reticular formation were distributed in the caudal portion of the medial and lateral ambiguus nuclei. The double stimulations of the vagus nerve showed that this evoked potentials had the pattern of antidromic conduction which was like the demonstrated on the cells of motor neurons of the spinal cord by Eccles et al.s) and Araki et al.'-) . The responses could be obtained to stimulation of the vagus nerve at the cervical level, not below the bifurcation of the recurrent nerve. This suggests that the neurons in the ambiguus nucleus send the fibers through the vagus nerve without any synaptic interruption to innervate muscles presumably of the larynx.
Heinbeckers>, Middelton and Grundfest'3) made analysis of the action potentials and indicated that there were fibers in the peripheral vagus nerve which conducted impulse at velocities of approximately 60, 20, 15 and 0.9 m/sec. However, conduction velocities less than 17 m/sec were not encountered in authors' experiments. This suggests the following concept: the fibers of the vagus nerve in finer diameter might be interrupted at synapses, though there was a possibility that authors' microelectrode technique could not record the activity of neurons with such fine fibers. The action potential analysis of authors' experiments also showed that the conduction velocity of afferent fibers which terminated in the vicinity of solitary tract, in the nucleus of the spinal tract of the trigerninal nerve and in the vestibular nucleus were 1792 m/sec, and fibers related to these nuclei were estimated from conduction velocity to be 3^'11 µ in diameter. However, the efferent fiber being originated in the ambiguus nucleus, were estimated to be 7.18 µ in diameter.
The dorsomedial nucleus of the vagus nerve has been described as a motor -159-nucleus of the vagus nerve sending off efferents to visceral organs (Van Gehuchtenls)). But studies on the physiological function of this nucleus have been very few. Only Miller14) and Laughton12) described the cardioinhibitory or gastro-motor function of this nucleus. Anderson and Berry') described the electrical activation of the dorsomedial nucleus by antidromic stimulation of the vagus nerve. However, authors did not observe any response to vagal stimulation in this nucleus. It is assumed that the efferents being originated in this nucleus, if exist, are interrupted synaptically in any of the ganglions in the course of the vagus nerve. Some units in the ventral portion of the nuclei of the solitary tract displayed frequently the cyclic discharges synchronous with respiration, or in response to traction of the lung. They showed relatively slow adapting impulse. Their localization appeared to contact with or to be included in the medullary respiratory center described by Pitts et al.15) . These results also seem to substantiate the vagal component of the respiratory regulation advocated by Pitts et al. Some neurons in the medial ambiguus nucleus displayed spontaneous cyclic discharges synchronous with respiration. These discharges could be suppressed by the administration of a paralysing dose of succinyl-choline. Though it is difficult to interprete this phenomenon, neurons in the area explored, seems to be included in the respiratory center and to activate larygeal muscles related to the respiration.
Summary
The potential pattern and topographical arrangement of vagal neurons in the medulla of the decerebrated cat were studied by the unit response analysis, employing microelectrodes. 1) Stimulation of the vagus nerve between the ganglion nodosum and the ramification of the recurrent nerve evoked the potential in the following regions in the medulla; i.e., the area in the vicinity of the solitary tract, the triangular nucleus of the vestibular nerve, ithe nucleus of the spinal tract of the trigeminal nerve, and the ambiguus nucleus.
By the use of double stimulation method, it was concluded that the responses obtained in the vicinity of the solitary tract, trigeminal nucleus and triangular nucleus of vestibular nerve were due to orthodromic conduction of impulses and those in the ambiguus nucleus due to antidromic one.
2) Conduction velocities of these afferents ranged from 18 to 92 meters per second. Spontaneous discharges synchronous with respiratory cycle or discharges induced by a traction of the lung were frequently encountered in vagal units located in the ventral part of the nuclei of the solitary tract .
3) Cajal's commissure of the vagus nerve was the only portion where responses could be obtained to stimulation of the contralateral vagus nerve .
-160-4) The responses to vagal stimulation which were antidromic in nature were encountered in the caudal part of ambiguus nucleus. Conduction velocities ranged from 40 to 110 meters per second, the maximal value of responses being 500 µV in magnitude.
Some units located medially in this area displayed often impulse discharge synchronous with respiratory cycle. 5) When the vagus nerve was stimulated in the thoracic cavity, evoked potentials could be obtained only in the vicinity of the solitary tract and triangular nucleus of vestibular nerve.
